Background: The development of biocompatible nanocarriers that can efficiently encapsulate and deliver anticancer drug to the tumor site and provide controlled release of cargos in response to the specific cues for cancer therapy is of great significance. Methods: In this work, dual pH/redox-responsive fabrication of hybrid lipid-polymer nanoparticles (LPNPs) self-assembled from amphiphilic polymer poly(ethylene glycol) methyl ether-grafted disulfide-poly(β-amino esters) (PBAE-ss-mPEG) and PEGylated lipid were prepared and used as drug delivery carriers. The optimization of PEGylated lipid modification was confirmed by analysis of particle size, polydispersity index (PDI), cellular uptake, serum stability, and drug loading capacity. The pK b value of LPNPs was determined as 6.55, indicating the pH-sensitivity. The critical micelle concentration (CMC) values and zeta-potential of LPNPs at different pH values were investigated to confirm its pH-sensitivity. The morphology of LPNPs before and after incubation with reducing agent was imaged to study the redox-responsibility. Results: The in vitro results showed that the drug had controlled release from LPNPs triggered by low pH and high concentration of reducing agent. Furthermore, the cytotoxicity of LPNPs was very low, and the doxorubicin (DOX)-loaded LPNPs could efficiently induce the death of tumor cells in comparison to free DOX. Conclusion: All results demonstrated that the fabricated LPNPs could be potential anticancer drug delivery carriers with a pH/redox-triggered drug release profile, and PEGylated lipid modification might be a useful method to fabricate the drug delivery platform.
Introduction
Cancer is still a leading cause of death worldwide. 1 In the past decades, a variety of therapeutic strategies for cancer treatment have been developed including gene therapy, 2 photodynamic therapy (PDT), 3 photothermal therapy (PTT), 4 and immunotherapy, 5 etc., but the chemotherapy is still the most common and effective way to treat cancer in clinic. 6 Unfortunately, the existing barriers significantly limit the effectiveness of anticancer drugs (eg, doxorubicin, paclitaxel, camptothecin, and cis-platinum) in clinic use, including quick clearance by reticuloendothelial system (RES) and poor solubility, leading to low therapeutic efficacy. [7] [8] [9] [10] Furthermore, the traditional anticancer drug is not able to distinguish tumor cells from the healthy tissue cells, suggesting non-specific killing that leads to severe side-effects such as cardiotoxicity and organ dysfunction. 11 To overcome these obstacles, drug delivery systems (DDSs)-based nanomedicine has attracted more and more attention with rapid development of nanotechnology in these years. 12, 13 For instance, Zhang et al 14 prepared intelligent pH-sensitive polymeric micelles (PMs) which were self-assembled from cholesterol-grafted PEGylated peptides. The PMs showed high drug loading capacity and were able to accumulate at the tumor site due to enhanced permeability and retention (EPR) effects with reduced side-effects. Wang et al 15 reported the development of a functional liposome constructed by incorporating a small proportion of porphyrin (pyropheophorbide) conjugated lipid. This liposome could efficiently deliver doxorubicin to the site of tumor and control release the cargos on demand.
As reported, the tumor microenvironment (TME) exhibited special features compared to the normal condition, such as low pH value due to elevated levels of lactic acid caused by poor oxygen perfusion and high levels of glutathione (GSH) with a higher intracellular concentration (1-11 mM) than extracellular (0.01 mM) spaces. 7, [16] [17] [18] These distinguishing properties have been thoroughly investigated and widely used as specific cues for targeted drug delivery and controlled release. For example, Zhang et al 19 designed and prepared a dual pH/redox-responsive drug delivery system (DA-ss-NPs) for co-delivery of all-trans-retinoic acid (ATRA) and paclitaxel (PTX) to improve the therapeutic efficacy. Xu et al 20 reported a dual pH/redox-responsive triptolide (TRI)-loaded nanoparticles constructed by conjugating DOX molecules on the side of poly(ethylene glycol)b-poly(L-lysine) (PEG-b-PLL) through disulfides and 2,3-dimethylmaleic anhydride (DMA) which showed pH and GSH-triggered drug release profile and improved antitumor effect.
Inspired by the specific properties in TME, we designed and prepared dual pH and redox-responsive hybrid lipidpolymer nanoparticles (LPNPs) for anticancer drug delivery and controlled release in the present work. The LPNPs were fabricated with the PEGylated lipid (DSPE-mPEG) and amphiphilic copolymer poly(ethylene glycol) methyl ethergrafted disulfide-poly(β-amino esters) (PBAE-ss-mPEG). 21 PBAE has been thoroughly studied and extensively used as pH-sensitive polymer for anticancer drug and therapeutic gene delivery in these decades. [22] [23] [24] [25] [26] Disulfide bonds are able to be cleavage by responding to the high GSH concentration. 27 The hydrophilic mPEG segment is nonimmunogenic, nonantigenic, and nontoxic, which is generally used to prepare biocompatible nanoparticles. [28] [29] [30] As reported, the PEGylated lipid could facilitate the uptake and internalization of NPs by cells through endocytosis. 31 The DSPE segment forms the core of the nanoparticle, thereby providing the drug loading space. 32 The PBAE segment forms the pH-sensitive middle layer which could enhance the drug loading capacity. 33 The PEG segment forms the hydrophilic shell and surrounds on the surface of the nanoparticle which provides a compact and negative charged outerwear to maintain the stability for prolonged circulation time. 34 Figure 1 shows the fabrication of LPNPs and pH/redox-triggered drug release profiles. Moreover, the physicochemical properties of LPNPs, including particle size, zeta-potential, cytotoxicity, etc. will be investigated in this work.
Materials And Methods Materials
Poly(ethylene glycol) methyl ether-grafted disulfide-poly (β-amino esters) (PBAE 3100 -ss-mPEG 2000 ) was synthesized as reported in our previous work. 21 Doxorubicin hydrochloride (DOX-HCl) was purchased from Wuhan Yuan Cheng Gong Chuang Co. Ltd (Wuhan, China). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methyl ether (polyethylene glycol)] (DSPE-mPEG, M w = 2000) was purchased from Laysan Bio Inc. Triethylamine (TEA, > 99%), pyrene (99%), DL-dithiothreitol (DTT), dichloromethane (DCM), dimethyl sulfoxide (DMSO), chloroform, and all other chemical reagents (Sigma-Aldrich) were used as received. CCK-8 kits were purchased from Sigma-Aldrich. Dulbecco's modified eagle medium (DMEM) growth media, fetal bovine serum (FBS), phosphate buffered saline (PBS), trypsin, penicillin, and streptomycin were all purchased from Invitrogen. Lewis lung carcinoma (3LL) cells were obtained from the American Type Culture Collection (ATCC), and all other reagents were used as received.
Preparation Of Blank And DOX-Loaded NPs
For the preparation of blank PMs and DOX-loaded PMs without DSPE-mPEG modification, DOX-HCl (0, 10 mg, 15 mg, 25 mg) was dissolved into DMF, followed by dropwise addition of TEA (10 μL per 10 mg drug) to remove hydrochloride with gentle stirring at room temperature. After 1 hour, 50 mg PBAE-ss-mPEG was added with stirring. The mixed solution was transferred into a cellulose membrane bag (MWCO 3500-4000 Da) and immersed into deionized water (1 L) for dialysis at room temperature. The deionized water was replaced every 2 hours in the first 12 hours, and every 6 hours in the next 36 hours. The resulting solution was filtered by a 0.45 μm filter. After lyophilization, the blank and DOX-loaded PMs were obtained and stored at −20°C.
For the preparation of blank LPNPs and DOX-loaded LPNPs with DSPE-mPEG modification, 15 mg DOX-HCl was dissolved into DMF and treated with TEA as aforementioned. Then 50 mg mixed polymers at different mole ratios (PBAE-ss-mPEG: DSPE-mPEG=100:0, 97:3, 95:5, 93:7 and 90:10) were added with stirring. The mixed solution was moved into a cellulose membrane bag (MWCO 3,500-4,000 Da) and dialyzed against deionized water (1 L) for 48 hours. After filtration and lyophilization, the blank LPNPs and DOX-loaded LPNPs were obtained and stored at −20°C for further study.
Confirmation Of Drug Loading Capacity
The drug loading content (LC) and encapsulation efficiency (EE) of PMs and LPNPs with different amounts of PEGylated lipid were measured by a UV-vis spectrophotometer (UV-2450, Shimadzu, Japan). In brief, 1 mg of DOX-loaded PMs or DOX-loaded LPNPs powder was dissolved into 10 mL DMF with stirring for 30 minutes. The sample was measured using a UV-vis spectrophotometer at 480 nm. The concentration of DOX was calculated according to the standard curve of pure DOX/DMF solution. The LC was defined as the weight ratio of loaded DOX to the DOX-loaded NPs. The EE was defined as the weight ratio of loaded DOX to DOX in feed. The LC and EE were calculated according to the equations.
where m loaded drug is the amount of loaded DOX in PMs or LPNPs, m drug-loaded NPs is the total mass of DOX-loaded PMs or DOX-loaded LPNPs, and m drug in feed is the total mass of DOX when the DOX-loaded PMs or DOX-loaded LPNPs are prepared.
Characterization Of DOX-Loaded NPs
The particle size, size distribution (polydispersity index, PDI), and zeta-potential of blank PMs and LPNPs, DOX-loaded PMs, and DOX-loaded LPNPs was confirmed by dynamic light scattering (DLS) with a Zeta Sizer Nano series Nano-ZS (Malvern Instruments Ltd, Malvern, UK). The sample was prepared at a concentration of 1 mg/mL in a 1.0 mL quartz cuvette and measured using a diode laser of 670 nm with the scattering angle 90°at room temperature.
To study the serum stability, the particle size and PDI of PMs and LPNPs were recorded by DLS after incubation in PBS with 20% FBS for different times (1 day, 2 days, 3 days, and 4 days) at 37°C.
The morphology of the NPs was determined by transmission electron microscopy (TEM, Hitachi H-7650, Japan). Briefly, the sample (1 mg/mL) was dropped onto the copper grids coated with carbon. The deionized water was removed, and the sample was observed by TEM with an acceleration voltage of 80 kV.
Critical Micelle Concentration (CMC) Measurement
The CMC values of different formulation at different pH values were confirmed by the fluorescence technique using pyrene as the dye according to previous reference with few modifications. 7 Briefly, a series of mixed carrier system solution with concentrations from 0.0001 to 0.1 mg/mL with the pre-prepared pyrene solution (12×10 −12 M) were prepared as reported. 7 After incubation in dark overnight at room temperature, the samples were recorded with a fluorescence spectrophotometer (F-4500, Hitachi, Japan).
pK b Measurement
The base dissociation constant (pK b ) of the system was determined using potentiometric titration method. In brief, the PMs or LPNPs with 7% PEGylated lipid was dissolved into deionized water, and the pH of solution was adjusted to 3.5 with diluted HCl, followed by dropwise addition of NaOH (0.1 mol/L) with stirring at room temperature. The real-time pH value was recorded by an automatic titration titrator (Hanon T-860, Jinan, China). The pK b value was defined as the solution pH at 50% neutralization of tertiary amine groups. 35 
In Vitro Release Of DOX From NPs
The in vitro release profile of DOX from PMs or LPNPs at different pH with or without DTT (used as reducing agent) was studied using dialysis method. In brief, 4 mg DOX-loaded PMs or DOX-loaded LPNPs was dispersed into 4 mL PBS at different pH values (pH 7.4 or 6.5) with or without DTT (10 mM). The solution was moved into a dialysis bag, followed by immersing into corresponding solution (46 mL) in a beaker which was incubated at 37°C with stirring (110 rpm). At pre-determined time intervals, 1 mL solution was collected from the beaker for UV-vis measurement at 480 nm, and 1 mL fresh solution was added. The cumulative DOX release percent (E r ) was calculated according to the following equation.
where m DOX is the amount of loaded DOX in PMs or LPNPs, V e is the volume of solution in the dialysis bag (4 mL), V 0 is the total volume of solution in the dialysis bag (4 mL) and beaker (46 mL), and C i is the concentration of DOX in the ith sample.
Cell Culture
Lewis lung carcinoma (3LL) cells were cultured in high glucose DMEM containing FBS (10%, v/v), sodium pyruvate (1 mM), glutamine (4 mM), HEPES (10 mM), streptomycin (100 μg/mL), and penicillin (100 units/mL). Cells were maintained in a humidified 5% CO 2 incubator at 37°C.
Cellular Uptake Assay
The cellular uptake of LPNPs with a different amount of PEGylated lipid by 3LL cells was evaluated. Briefly, 3LL cells were cultured in 6-well plates with a concentration of 2×10 5 cells/well in DMEM supplemented with the element mentioned above at 37°C. The plates were incubated overnight in a CO 2 (95: 5) incubator. Different LPNPs formulations were added, and incubated for another 2 hours. Then the plates were washed with cold PBS three times. Subsequently, the cells were harvested by trypsin and centrifugation (300 g, 10 minutes). The suspension was removed, and the cells were washed (PBS, 3-times). Finally, the resulting cells were re-suspended in PBS, and analyzed using Accuri C6 flow cytometer (BD Biosciences, San Jose, CA) after filtration through a 100 μm filter.
Cytotoxicity Test
To investigate the biocompatibility and toxic effect of systems, the cytotoxicity of PMs, LPNPS, free DOX, DOXloaded PMs, and DOX-loaded LPNPs against 3LL cells was evaluated by CCK-8 kits. 36 In brief, 3LL cells were cultured in 96-well plates at a density of 1×10 5 cells/well and cultured for 24 hours in the incubator. The supernatant in each well was removed, and 200 µL of pre-prepared sample was added in every well. The fresh medium was used as a negative control. After incubation for 24 hours, 10 μL of cell counting kit-8 was added in every well. After incubation for 4 hours at 37°C, the absorption at 490 nm was measured by a microplate spectrophotometer (Bio-Rad Laboratories Inc., Hercules, CA), and the cell viability was calculated according to the following formula.
Cell viability ¼
where A control , A sample , and A blank were the absorbance at 490 nm of well without sample treatment, with sample treatment, and medium only, respectively. The cytotoxicity test was performed in replicates of six wells.
Statistical Analysis
The experimental data were presented as the mean±standard deviation (SD). Student's t-test (Excel, 2007) was used to analyze the data. Statistical significance was considered to be significant when P-values were less than 0.05 (P<0.05).
Results And Discussion

Optimization Of PEGylated Lipid Modification
The PEGylated lipid was introduced to fabricate hybrid LPNPs with optimized particle size, enhanced drug loading capacity, and improved cellular uptake by tumor cells. [37] [38] [39] Therefore, a series of LPNPs with different mole ratios of PEGylated lipid (0%, 3%, 5%, 7%, and 10%) were prepared, the particle size, PDI, and cellular uptake were evaluated carefully. As shown in Figure 2A , the particle size of PMs with 0% of DSPE-mPEG self-assembled from amphiphilic diblock polymer PBAE-ss-mPEG was approximately 120 nm. With the increase of PEGylated lipid, the hydrodynamic diameter of LPNPs was decreased, resulting from the intervention of hydrophobic DSPE segment. When the mole ratio of DSPE-mPEG increased from 0% to 7%, the particle size of LPNPs was reduced from about 120 nm to 80 nm. When the mole ratio of DSPE-mPEG was 10%, the particle size of LPNPs was slightly increased. The reason could be that introduction of PEGylated lipid might facilitate the formation of compact core of LPNPs through self-assembly together with PBAE-ss-mPEG at low mole ratio, while high mole ratio of PEGylated lipid could enhance the size of core due to the aliphatic chain in DSPE segment. 40, 41 The uniformity of LPNPs with different mole ratios of PEGylated lipid was evidenced by measurement of PDI, as shown in Figure 2B . All PDIs of LPNPs were reasonably low (<0.30), indicating the good uniformity and homogeneity. 42 Moreover, the CMC values of LPNPs were determined by fluorescence spectroscopy using pyrene as a probe, as shown in Figure S1 . The CMC of amphiphilic polymer PBAE-ss-mPEG was 13.4 μg/mL. After PEGylated lipid modification, the CMC was obviously decreased to 9.8 μg/mL because of the introduction of the hydrophobic DSPE segment. 43 Next, the cellular uptake of LPNPs by 3LL cells was evaluated to further investigate the optimization of PEGylated lipid modification, as shown in Figure 2C . The cellular uptake by 3LL cells was significantly enhanced when the mole ratio of PEGylated lipid increased from 0% to 7%, suggesting the physical modification of DSPE-mPEG was able to enhance the internalization of LPNPs by 3LL cells. Furthermore, the percentage of 3LL cells internalized NPs at mole ratio of 10% was similar to that at 7%. Therefore, the fabrication of LPNPs self-assembled from PBAE-ss-mPEG and DSPE-mPEG (93:7, mole ratio) had suitable particle size and exhibited the highest cellular internalization.
To further confirm the optimization of PEGylated lipid modification and evaluate the drug loading capacity of LPNPs, the LC and EE of LPNPs were analyzed, and the results are shown in Tables S1 and 1. With the increase of DOX in feed, the LC of PMs was increased from 5.5% to 11.8%, while the EE of PMs was increased from 36.4% to 40.2% first and then decreased to 34.3% (Table S1 ). It confirmed that the mass ratio of polymer to DOX in feed of 50:15 was the optimal formulation. Hence, this formulation was used to analyze the drug loading efficiency of LPNPs, and the results were shown in Table 1 . As expected, the LC and EE of LPNPs were enhanced markedly in comparison to those of PMs. When the mole ratio of PEGylated lipid increased from 0% to 10%, the LC and EE were increased from 9.6% to 19.5% and 40.2% to 79.4%, respectively. Specifically, the LC and EE of LPNPs at 7% of PEGylated lipid were 18.6% and 76.9%, respectively. When the mole ratio of DSPE-mPEG increased from 7% to 10%, the LC and EE were slightly increased. Collectedly, the PEGylated lipid modification could effectively enhance the drug loading capacity of LPNPs, and the DOX-loaded LPNPs with 7% of PEGylated lipid would be used for the further study. In addition, for DOX-loaded PMs and DOX-loaded LPNPs, the particle size and PDI were slightly increased compared to the blank PMs and LPNPs, resulting from the encapsulated DOX molecules in the core increasing in size. The zeta-potential of LPNPs was slightly lower than those of PMs because of the modification of DSPE-mPEG. 37 
Serum Stability
To acquire prolonged circulation time and improved accumulation at tumor site via EPR effect, the prepared DOX-loaded LPNPs should have high serum stability. 43 Therefore, we next evaluated the serum stability via analysis of particle size and PDI of DOX-loaded LPNPs after incubation in PBS (pH 7.4) with 20% FBS at 37°C for different times, as shown in Figure 3 . After incubation for 4 days, the particle size of DOX-loaded PMs was increased from about 130 nm to 240 nm, while the particle size of DOX-loaded LPNPs was slightly increased from 95 nm to about 140 nm ( Figure 3A) . Furthermore, the PDI of DOX-loaded LPNPs showed negligible change in comparison to that of DOX-loaded PMs (from 0.215 to 0.617). These results demonstrated that the DOX-loaded LPNPs with PEGylated lipid modification showed high serum stability compared with DOX-loaded PMs without PEGylated lipid modification, indicating DOX-loaded LPNPs might possess prolonged circulation time in the body.
Stimuli-Responsibility Of LPNPs
The pH/redox-sensitivity of LPNPs was next investigated, as shown in Figures 4 and S2 . The pK b values of polymer PBAE-ss-mPEG and the system of PBAE-ss-MPEG with 7% (mole ratio) of DSPE-mPEG were determined by an acid-base titration, as shown in Figure 4A . Both of them showed a similar change trend with the addition of NaOH solution. At the beginning of titration, the pH value of solution was increased sharply, and then reached a plateau. The reason could be that the tertiary amine residues of PBAE were ionized at weakly acidic condition. With continuous addition of NaOH solution, the pH value was increased rapidly. According to previous report, 22 the pK b values of polymer PBAE-ss-mPEG and mixed system were determined as 6.51 and 6.55, respectively, indicating the PMs and LPNPs could respond to the weakly acidic cue. To further investigate the pH-sensitivity of LPNPs, the CMC values of PMs and LPNPs at different pH were measured. As shown in Figure 4B , the CMC value of PMs at pH 7.4 was 13.4 μg/mL, while it increased to 56 μg/mL when the pH decreased to 6.5. When the pH decreased to be more acidic (pH<6.0), the CMC of PMs was not detectable, indicating the demicellization of PMs caused by protonation of the tertiary amine residues in PBAE. By contrast, the CMC of LPNPs was increased from 9.8 μg/mL to 37.1 μg/mL when the pH was decreased from 7.4 to 4.0. This result also suggested that LPNPs had much higher stability than that of PMs. Moreover, the zeta-potential of PMs and LPNPs at different pH conditions was measured ( Figure S2 ). When the pH was higher than 7.4, the zeta-potential of PMs and LPNPs was negative due to the shielding effect of PEG shell on the surface of NPs. In a weakly acidic environment, the zeta-potential of PMs and LPNPs was markedly increased with a decrease of pH values because of ionization of tertiary amine residues in the PBAE segment. In summary, these findings provided the pH-sensitivity of PMs and LPNPs.
Figures 4C and D show the morphology of LPNPs after
incubation in PBS at pH 7.4 with or without DTT (10 mM) for 4 hours at 37°C. The LPNPs showed spherical morphology with a size of approximately 100 nm in the absence of DTT ( Figure 4C ). However, the spherical structure was not observed in the presence of DTT, resulting from the cleavage of disulfide bonds which induced aggregation ( Figure 4D ). 44 These findings demonstrated the redox-responsibility of LPNPs. Summarily, the fabrication of LPNPs could respond to weakacidity and a high concentration of reducing agent.
In Vitro Drug Release Profile
Since the LPNPs showed dual pH/redox-sensitivity, the in vitro DOX release profiles from DOX-loaded PMs and DOX-loaded LPNPs under physiological condition (pH 7.4) with or without DTT (10 mM) and extracellular (pH 6.5) and intracellular (pH 6.5 with 10 mM DDT) conditions were measured using dialysis method. The results are shown in Figure 5 . At pH 7.4, less than 30% of DOX (27.1% for DOX-loaded PMs and 23.5% for DOX-loaded LPNPs) was released for 24 hours, indicating the DOX molecules could be protected well in the core of PMs or LPNPs. In Figure 5A , when the pH was decreased to 6.5, the drug release rate from PMs was sharply accelerated due to the protonation of tertiary amine residues in PBAE segment. 7 The cumulative release of DOX was 43.3% and 90.1%, respectively, for 2 hours and 24 hours, indicating the intense initial burst release. At pH 7.4 with 10 mM DTT, the drug release rate was also accelerated in comparison to that at pH 7.4 without DTT, resulting from the cleavage of disulfide bonds. At pH 6.5 with 10 mM DTT, the DOX molecules were released quickly, and the cumulative release was 60.5% and 97.8%, respectively, for 2 hours and 24 hours due to the simultaneous protonation of tertiary amine residues cleavage of disulfides. In Figure 5B , similar drug release profiles could be observed. However, the DOX-loaded LPNPs showed better drug controlled release property in comparison to the DOX-loaded PMs. At pH 6.5, the cumulative release of DOX was 27.5% and 70.4%, respectively, for 2 hours and 24 hours, suggesting the resistant initial burst release and pH-triggered drug release profile. At pH 6.5 with 10 mM DTT, the cumulative release of DOX was 46.8% and 97.5%, respectively, for 2 hours and 24 hours. In addition, weak acidity could trigger the DOX release from PMs and LPNPs when comparing with addition of reducing agent DTT. The reason could be that the protonation of tertiary amine residues could result in the transformation of solubility of PBAE segment from hydrophobicity to hydrophilicity, leading to the demicellization of PMs or swelling of LPNPs with increased porosity. Nevertheless, the cleavage of disulfide bonds could only induce detachment of PEG shell. For DOX-loaded LPNPs, because of PEGylated lipid modification, the DOX molecule was well controlled release from LPNPs with reduced initial burst release compared to that from PMs. In summary, LPNPs modified with DSPE-mPEG showed improved drug release profiles in comparison to PMs and might be potential drug delivery carriers.
Cytotoxicity Test
The biocompatible nano-scale carriers which were expected to be used in clinic should possess low cytotoxicity and capacity of effectively killing the tumor cells. 45 Therefore, the cytotoxicity of blank PMs and fabrication of LPNPs against 3LL cells was evaluated, as shown in Figure 6A . The cytotoxicity of PMs and LPNPs was slightly increased with the increasing of concentration, and the cell viability for the treatment of PMs and LPNPs at the highest concentration (1,000 mg/ L) was 80.1% and 90.3%, respectively. Compared to the PMs, the fabrication of LPNPs modified with PEGylated lipid displayed much lower cytotoxicity, indicating higher biocompatibility. Figure 6B showed the toxic effect of free DOX, DOX-loaded PMs, and DOX-loaded LPNPs against 3LL cells for 24 hours. As expected, DOX-loaded LPNPs showed the highest cytotoxicity for 3LL cells due to improved cellular uptake ( Figure 2C ) and drug release behavior ( Figure 5B ) in comparison to DOX-loaded PMs. Interestingly, the cytotoxicity of DOX-loaded LPNPs was slightly higher than that of free DOX. The reason could be that the fabrication of LPNPs modified with PEGylated lipid could efficiently deliver DOX molecules into the cytoplasm. In summary, the LPNPs showed negligible cytotoxicity, and the DOX-loaded LPNPs could effectively induce the tumor cells death.
Conclusion
In the present study, biocompatible dual pH/redox-responsive hybrid lipid-polymer nanoparticles (LPNPs) were fabricated using amphiphilic polymer PBAE-ss-mPEG and PEGylated lipid DSPE-mPEG ( Figure 1 ). The drug loading capacity (LC and EE), cellular uptake, and serum stability were significantly enhanced due to the introduction of PEGylated lipid. The hydrodynamic diameter and uniformity of LPNPs were also improved (Figures 2  and 3 ). These optimized physicochemical properties suggested that the LPNPs fabrication might have prolonged circulation time, enhanced accumulation at the tumor site, and improved internalization by tumor cells, indicating they could efficiently deliver anticancer drug to the targeted site. As shown in Figure 4 , the tertiary amine residues in PBAE segment could be protonated at weakly acidic conditions, and the disulfide bonds were cleavable at high concentration of DTT. All findings indicated that the LPNPs fabrication showed pH/redox-sensitivity. The in vitro drug release experiment demonstrated that the DOX molecules could be controlled release from LPNPs in response to the weakacidity and higher concentration of DTT ( Figure 5 ). Moreover, the fabrication of LPNPs displayed lower cytotoxicity in comparison to PMs, and the DOX released from LPNPs could efficiently kill the tumor cells compared to the free DOX ( Figure 6 ). In summary, the LPNPs might be promising anticancer drug delivery carriers with pH and redox-triggered drug release profiles and negligible cytotoxicity. In addition, fabrication of PEGylated lipid and functional polymer could be a useful method to prepare a multifunctional platform for drug delivery.
